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Edited by Richard CogdellAbstract Reactive oxygen species, such as hydroxyl or super-
oxide radicals, can be generated by exogenous agents as well
as from normal cellular metabolism. Those radicals are known
to induce various lesions in DNA, including strand breaks and
base modiﬁcations. These lesions have been implicated in a vari-
ety of diseases such as cancer, arteriosclerosis, arthritis, neuro-
degenerative disorders and others. To assess these oxidative
DNA damages and to evaluate the eﬀects of the antioxidant
N-acetyl-L-cysteine (NAC), atomic force microscopy (AFM)
was used to image DNA molecules exposed to hydroxyl radicals
generated via Fenton chemistry. AFM images showed that the
circular DNA molecules became linear after incubation with
hydroxyl radicals, indicating the development of double-strand
breaks. The occurrence of the double-strand breaks was found
to depend on the concentration of the hydroxyl radicals and
the duration of the reaction. Under the conditions of the exper-
iments, NAC was found to exacerbate the free radical-induced
DNA damage.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Free radicals, such as O2 and
OH, can be generated exog-
enously by exposing to irradiations or endogenously by the
normal cellular metabolism, and they can cause major dam-
ages to DNA molecules [1,2]. The consequences of DNA dam-
age are numerous and highly detrimental to the cell, leading to
some of the most serious human diseases, including cancers [3].
Various in vivo and in vitro experiments have been conducted
to elucidate the damaging eﬀects of free radicals on DNA mol-
ecules [4]. These studies have suggested that free radicals can
induce a variety of damages to DNA, including base lesions,
sugar lesions, base modiﬁcations, single-strand breaks, as well
as double-strand breaks [5]. DNA double-strand breaks are
more harmful to the cell than other types of DNA lesions. If
not prevented or repaired promptly, DNA double-strand
breaks would result in mutagenesis, carcinogenesis and degen-Abbreviations: AFM, atomic force microscopy; NAC, N-acetyl-
cysteine
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doi:10.1016/j.febslet.2006.06.060erative aging diseases [1,6]. Cells have various antioxidant sys-
tems to protect DNA from the oxidative attacks. Endogenous
antioxidants are developed to scavenge radicals and limit their
levels in cells [6]. The well-known endogenous antioxidants in-
clude superoxide dismutase, catalase, and glutathione peroxi-
dase, etc. There are also proteins, such as ferritin, that can
reduce the production of hydroxyl radicals by chelation of free
Fe2+ [7,8]. These systems form the ﬁrst defense line against
DNA damages by free radicals. If lesions do occur, the
DNA molecules can often be repaired by a series of enzymes
that perform the task via base recognition, excision and liga-
tion of the damaged strands [2]. When the endogenous antiox-
idants and enzymes cannot reduce the free radical induced
DNA damages to a tolerable level, serious cellular malfunc-
tions would occur, leading to the development of diseases. Die-
tary intake of small molecule antioxidants, such as ascorbate,
tocopherol, and N-acetyl-cysteine (NAC), has been shown to
provide additional protection of DNA against the attack by
free radicals [6].
NAC has been tested as a promising antigenotoxic and anti-
carcinogenic agent in a variety of experiments [9–11], and is
sold in pharmacies as a food supplement for such purposes.
It has been proposed that the beneﬁcial eﬀect of NAC mainly
comes from its capability of directly scavenging OH radicals
as well as its function as a glutathione precursor [12–17]. How-
ever, there are still considerable controversies regarding the
antioxidant eﬃcacy of NAC. Some published experimental re-
sults suggested that NAC could increase the oxidative damage
to DNA [18–20]. For example, Devasagayam et al. [21] found
that the degradation of pBR322 by free radicals was enhanced
by treatment with NAC. These apparent contradictions indi-
cate that the observed positive therapeutic eﬀects of NAC in
preventing and reducing diseases could be the results of multi-
ple reactions with diﬀerent, even conﬂicting, consequences. To
understand the mechanism of the eﬀects of NAC on the free
radical induced DNA damages and to explain these conﬂicting
ﬁndings, more experimental investigations under carefully
controlled conditions will be necessary.
In the present work, we used the atomic force microscopy
(AFM) to investigate the hydroxyl radical induced DNA dam-
age and the eﬀects of NAC by imaging DNA molecules that
were exposed to free radicals and treated with NAC under var-
ious conditions. Most previously reported experimental results
on the assessment of DNA strand breaks were obtained using
gel electrophoresis and other techniques that measured the
average values of the extent of damages [22–25]. AFM mea-
surements can provide the average value, as well as the distri-
bution of double-strand breaks among the DNA molecules asblished by Elsevier B.V. All rights reserved.
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AFM images. Our results showed that double-strand breaks
were developed on the DNA molecules after exposing to hy-
droxyl radicals, and the extent of the damages was dependent
on experimental conditions.2. Materials and methods
2.1. DNA and chemicals
pBR322 DNA (4361 bp) was purchased from New England Biolabs,
Inc. (Beverly, MA). NAC, hydrogen peroxide and Fe(II) sulfate hepta-
hydrate were obtained from Sigma–Aldrich Inc. (St. Louis, MO).
H2O2 and Fe
2+ were freshly prepared for each experiment. The mini
agarose gels with 0.5 lg/ml ethidium bromide were purchased from
Bio-Rad Laboratories (Hercules, CA). Deionized H2O was used in
all experiments.
2.2. Treatment of DNA with hydroxyl radicals and NAC
For AFM experiments, pBR322 was diluted to 5.0 lg/ml (1.7 nM) in
10 mM sodium-HEPES buﬀer (pH 7.2) containing 10 mM KCl, 5 mM
MgCl2. For experiments measuring the dependence of DNA damage
on iron (OH) concentration, 2 mM H2O2 and diﬀerent amount of
Fe2+ were added to the DNA solution. The time dependence of
DNA damage by hydroxyl radicals was investigated by allowing the
reactions to proceed for diﬀerent time intervals. To determine the ef-
fects of NAC, DNA was incubated with various concentrations of
NAC at 37 C for 1 h [16] followed by the addition of Fe2+ and H2O2.
2.3. AFM measurements
AFM imaging was performed with a Nanoscope IIIa scanning
probe microscope (Veeco/Digital Instruments, Santa Barbara, CA).
Commercially available silicon cantilevers with a length of 122 lm
and a resonant frequencies around 300 kHz (Model TESPW, Veeco,
Santa Barbara, CA), were used. The imaging experiments were car-
ried out in the tapping mode, with a cantilever tapping amplitude
about 20 nm. To prepare the samples for AFM imaging, DNA solu-
tion (10 ll) was deposited on a freshly cleaved mica surface and al-
lowed to adsorb for 3 min (except for experiments to observe the
eﬀects of the deposition time). The sample was rinsed with 2–3 drops
(0.1 ml) of water to remove any unbound molecules and then dried
with nitrogen gas. This procedure resulted in stable attachment of
DNA to the mica surface that could be imaged for hours by the
AFM.
2.4. Data analysis
For data analysis, the circular and linear DNA molecules were
counted separately in the AFM images. The lengths of the linear
DNA were also measured. The extent of DNA damage was evaluated
using the formula:DNA damage ¼ number of linear DNA moleculesP
length of linear DNA ðlmÞð Þ  4361 bp=1:47 lmþ number of circular DNA 4361 bpwhere 4361 bp is the number of base pairs of pBR322, 1.47 lm is the
length of the intact DNA molecules. This expression yields the number
of double-strand breaks on a per base pair basis.
2.5. Gel electrophoresis assay
For agarose gel electrophoresis experiments, 5.4 nM pBR 322 was
incubated with 300 lM Fe2+ and 3 mM H2O2 for a speciﬁc period of
time, followed by mixing with the loading buﬀer (10 mM tris, 5% glyc-
erol, 1 mM EDTA, 0.04% bromophenol, 0.04% xylene cyanole). The
mixture was loaded in a 1% agarose gel, which was run in a TBE buﬀer
containing 89 mM tris base, 89 mM boric acid and 2 mM EDTA, at a
voltage of 75 V.3. Results and discussions
Circular DNA molecules (pBR322) were used in this study
since these molecules could be easily identiﬁed and the dou-
ble-strand breaks could be clearly visualized in the AFM
images. Hydroxyl radicals were generated from the reaction
of Fe2+ and H2O2 via Fenton chemistry (Fe
2+ + H2O2ﬁ
Fe3+ + OH + OH).
3.1. DNA damage by hydroxyl radicals
Fig. 1 shows AFM images of pBR322 DNA molecules with
or without being exposed to hydroxyl radicals. In the control
sample (Fig. 1A), the image shows only circular DNA mole-
cules with an average contour length of 1.47 ± 0.04 lm. In or-
der to recognize the double-strand breaks unambiguously in
the AFM images, the DNA samples were prepared in such
a way that most of the DNA molecules on the mica surface
were relaxed, although they were mostly supercoiled in solu-
tion (see Fig. 3C). The reason for this diﬀerence is that
DNA molecules tend to adopt more open conﬁgurations if
a relative long time interval is allowed for the DNA molecules
to equilibrate on the surface. When the deposition time (the
time between deposition and drying) is shorter, more DNA
molecules remain supercoiled, as shown in Fig. 1B. This phe-
nomenon was also reported in the literature [26]. Linear DNA
molecules appeared in Fig. 1C indicated the development of
DNA double-strand breaks induced by hydroxyl radicals gen-
erated from the reaction of Fe2+ with H2O2. Smaller DNA
fragments (shorter than the full length of 1.47 lm) were also
observed in the AFM images (Fig. 1D), suggesting the occur-
rence of multiple double-strand breaks on a single circular
molecule.3.2. Dependence of DNA damage on Fe2+ concentration
The dependence of DNA double-strand damage on the
amount of hydroxyl radicals, which is proportional to the con-
centration of Fe2+ present in the solution, was measured by
imaging DNA molecules incubated (for 20 min) in solutions
with diﬀerent iron concentrations. Appreciable DNA double-
strand breaks could be detected in the AFM images when
Fe2+concentration was as low as 20 lM and the damage be-
came more prevalent with increasing concentration, as shown
in Fig. 2. However, when the Fe2+ concentration in the solu-tion was raised too high, the quality of the AFM images be-
came poor due to the formation of Fe(OH)3 precipitates on
the mica surface, which obstructed the DNA molecules and
caused large uncertainties in the data (see Fig. 2). After com-
paring the images acquired under diﬀerent conditions, it was
found that optimal results could be obtained using 5 lg/ml
pBR322 (1.7 nM), 100 lM Fe2+ and 2 mM H2O2. Under this
condition, the surface density of the DNA molecules on the
mica surface was high, but overlapping of molecules was min-
imal, thus quantiﬁcation and statistical analysis of the experi-
Fig. 1. AFM images of intact and damaged DNA molecules. (A) and (B) show pBR322 molecules not exposed to hydroxyl radicals with a deposition
time of 3 min (A) and 10 s (B), respectively. (C) and (D) show the pBR322 molecules after exposure to 2 mM H2O2 with the presence of (C) 100 lM
and (D) 160 lM Fe2+, respectively. Arrows indicate the locations of double-strand breaks.
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Fig. 2. The dependence of DNA double-strand breaks on Fe2+
concentration. The larger error bars at higher Fe2+ concentrations
were due to the formation of Fe(OH)3 precipitates, which partially
obstructed the DNA in the AFM images. The results were obtained by
ﬁrst counting the circular and linear DNA molecules in AFM images
(such as those shown in Fig. 1C and D) and then calculating the
number of double-strand breaks (dsb) per base pair (bp) using the
equation given in Materials and Methods. The numbers of images
(number of DNA molecules) used to obtain the plot were n = 10 (335),
18 (759), 26 (773), 10 (214), 10 (199) and 10 (144) for the Fe2+
concentration of 20, 40, 80, 150, 225 and 300 lM, respectively. The
insets are the histograms of DNA double-strand breaks at Fe2+
concentrations of 40 and 300 lM, respectively. The lines were ﬁts to
Gaussian distributions.
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Fe2+ was high enough to produce suﬃcient number of DNA
double-strand damages, but low enough not to cause signiﬁ-
cant decline in AFM image quality. 2 mM H2O2 was used in
the experiments since this concentration was biologically more
relevant, as discussed in the literature [27].
3.3. Dependence of DNA damage on reaction time
AFM images showed that DNA damage by hydroxyl radi-
cals (at a Fe2+ concentration of 100 lM) was also dependent
on the reaction time. Linear DNA molecules started to appear
at reaction times as short as 5 min (Fig. 3A), and their number
increased as the reaction time increased to 80 min (Fig. 3B).
Agarose gel electrophoresis also suggested that the level of
DNA double-strand damage increased with the reaction time
(Fig. 3C).
3.4. The eﬀect of N-acetyl-L-cysteine on DNA damage
NAC has been shown to inhibit oxidative DNA damage
in vivo and in vitro [28]. However, under the experimental con-
ditions in the present work, it was found that NAC enhanced
the OH induced DNA damage instead of reducing it. Fig. 4
shows the images of DNA molecules with or without treatment
by NAC, and in the presence or absence of free radicals. No lin-
ear molecules were observed if the DNA was only treated with
NAC (Fig. 4A), indicating that NAC alone does not induce
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after incubation in Fe2+ and H2O2, double-strand breaks were
observed as discussed earlier. In the presence of NAC, hydroxyl
radicals caused more double-strand damages, as the number of
linear DNAmolecules was observed to increase when the NAC
concentration was changed from 0.5 to 2 mM, as shown in
Fig. 4C and D. After incubation with Fe2+ and H2O2 (for
20 min, without NAC), the percentage of circular DNA was
found to be56%. This value dropped to22% and0%when
the DNA was treated with 0.5 and 2 mM NAC, respectively
(Fig. 5). Fig. 6 is the result of an agarose gel electrophoresis
analysis of the eﬀect of NAC on the hydroxyl radical induced
DNA damage, showing that the degradation of the circular
DNA molecules became more severe as the concentration of
NAC increased, in consistence with the AFM imaging results.
3.5. Oxidative DNA damages could involve more than free
radicals
Numerous experimental investigations have shown that hy-
droxyl radicals generated from the reaction of Fe2+ andFig. 3. The time dependence of hydroxyl radicals-induced DNA damage. (A)
5 min. (A) and 80 min. (B), respectively. More double-strand breaks develope
and H2O2. (C) The time dependence of DNA damages assayed by agaros
supercoiled and relaxed molecules of pBR322, respectively. Commercially ob
molecules. Lanes 2–7: pBR322 molecules after exposure to Fe2+ and H2O2
exposed to hydroxyl radicals for more than 60 min., the number of relaxed m
ﬁrst increased (lane 5) then decreased (lanes 6 and 7), suggesting that one dou
then multiple double-strand breaks on a single DNA molecule became moreH2O2 attack the base moieties or sugar moiety of DNA mole-
cules and thus induce backbone breaks [5]. However, other
experimental evidence has suggested that the cause of the oxi-
dative DNA damage might be much more complex than that
can be accounted for by diﬀusible free radicals [29,30]. Fur-
thermore, the eﬀects of NAC on oxidative DNA damage to
cells and organisms have to be assessed in the complex cellular
environments. However, the elucidation of the detailed molec-
ular mechanisms of the reactions involved will require a com-
bination of in vivo and in vitro experiments, under various
well-controlled conditions. The results presented here suggest
that free radicals can induce signiﬁcant double-strand breaks
in DNA molecules, therefore cells and organisms must have
systems to prevent and/or repair such damages.
3.6. NAC can either inhibit or exacerbate oxidative DNA
damages
The safety and eﬀectiveness of using NAC to prevent DNA
damages and the related diseases have been shown by clinical
and basic research over many years, and the mechanisms ofand (B) are AFM images of pBR322 incubated with Fe2+ and H2O2 for
d when the DNA molecules were subjected to a longer exposure to Fe2+
e gel electrophoresis. Lane 1: control. The two bands represent the
tained pBR322 contains 80% supercoiled and 20% relaxed circular
for 10, 30, 60, 100, 140 and 180 min., respectively. When DNA was
olecules decreased, while the number of the full-length linear molecules
ble-strand break was ﬁrst developed on individual DNA molecules and
abundant.
Fig. 4. The eﬀect of NAC on the development of DNA double-strand breaks induced by hydroxyl radicals. AFM images were obtained after the
pBR 322 molecules were treated in the speciﬁed solution. (A) In 2 mM NAC. Only circular molecules are observed. (B) In Fe2+ and H2O2, double-
strand breaks are found. (C) In 0.5 mM NAC, followed by the addition of Fe2+ and H2O2. More double-strand breaks are found than (B). (D) In
2 mM NAC, followed by the addition of Fe2+ and H2O2. DNA damage becomes more severe as the concentration of NAC is increased.
4140 M. Su et al. / FEBS Letters 580 (2006) 4136–4142NAC function have also been discussed extensively [31,32]. It
was shown that DNA damage was suppressed by treatment
with NAC before exposing human ﬁbroblasts to UVA, UVB0
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Fig. 5. The eﬀect of NAC on DNA (pBR322) double-strand damage
measured from AFM images of DNA molecule that were exposed to
hydroxyl radicals without (h) or with (j) treatment using NAC. The
percentage of circular DNA was calculated based on the ratio of the
number of circular DNA molecule to that of total DNA molecules,
obtained from AFM images such as those shown in Fig. 4.or visible radiation [16]. It was argued that NAC could scav-
enge the hydroxyl radicals generated from the radiation, and
it also served as a source of cysteine for the cell to synthesizeFig. 6. Agarose gel electrophoresis showing the eﬀect of NAC on
double-strand breaks induced by hydroxyl radicals in pBR 322 DNA.
Lane 1: control. Lane 2: treated with NAC. Lane 3, treated by Fe2+
and H2O2. Lanes 4–8: treated with NAC followed by the addition of
Fe2+ and H2O2. NAC concentration was 27 lM, 54 lM, 270 lM,
540 lM and 2.7 mM, respectively. As the NAC concentration
increases, multiple double-strand breaks on a single DNA molecule
start to develop.
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radicals than NAC itself [12]. On the other hand, NAC and
other reducing agents were also shown to increase the oxida-
tive DNA damages, depending on the experimental conditions,
such as the presence or absence of transition metal ions [20,33–
35]. It was demonstrated that NAC treatment increased the ex-
tent of oxidative DNA damage when copper or iron ions were
involved [18,20,36,37]. Our results (Figs. 4–6) suggest that, in
the presence of iron and H2O2, NAC can enhance free radical
generation with a higher capacity than it can scavenge the free
radicals, leading to more double-strand breaks in the DNA. As
proposed by Oikawa et al. for the case of copper ions [20], it is
reasonable to speculate that the reducing agent NAC reacts
with Fe3+, the oxidation product of Fe2+ by H2O2, to regener-
ate Fe2+, which is oxidized again by H2O2, accompanied by the
release of a hydroxyl radical. The released OH radicals attack
DNA molecules before it is scavenged by NAC. Furthermore,
the deleterious biological eﬀects of thiyl and other sulfur-con-
taining radicals produced by hydrogen atom abstraction from
NAC may also contribute to the observed eﬀects on DNA
damage [13].4. Conclusion
Hydroxyl free radical induced double-strand breaks in DNA
molecules were measured and quantiﬁed by AFM imaging un-
der in vitro conditions. The development of double-strand
breaks was concentration and time dependent in the Fe2+/
H2O2 system. The antioxidant NAC was shown to increase
the level of DNA double-strand breaks in this system, instead
of inhibiting the damage. Measurements of the free-radical in-
duced DNA double-strand breaks at the single molecule level
and under controlled environments can help with the elucida-
tion of the molecular details of oxidative DNA damages and
functional mechanisms of antioxidants.
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